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Since  its  founding,  NASA  has  been  dedicated  to  ensuring  U.S.  leadership  in  aeronautics 
and  space  science.  The  NASA  Scientific  and  Technical  Information  (STI)  Program  plays 
an  important  part  in  helping  NASA  maintain  its  leadership  role. 

The  NASA  STI  Program  provides  access  to  the  NASA  STI  Database,  the  largest  collection 
of  aeronautical  and  space  science  STI  in  the  world.  The  Program  is  also  NASA's  institutional 
mechanism  for  disseminating  the  results  of  its  research  and  development  activities. 

A  number  of  specialized  services  help  round  out  the .  rogram's  diverse  offerings,  including 
creating  custom  thesauri,  translating  material  to  or  from  34  foreign  languages,  building 
customized  databases,  organizing  and  publishing  research  results. 

For  more  information  about  the  NASA  STI  Program,  you  can: 

•  Phone  the  NASA  Access  Help  Desk  at  (30 1 )  62 1  -0390 

•  Fax  your  question  to  NASA  Access  Help  De.sk  at  (301)  621-0134 

•  Send  us  your  question  via  the  Internet  to  help(d  sti.nasa.gov 

•  Write  to; 

NASA  Access  Help  Desk 
NASA  Center  for  AeroSpace  Information 
800  Elkridge  Landing  Road 
Linthicum  Heights,  MD  21090-2934 
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AbAraet 

Sandia  National  Labonicriea  ia  twpontihte  fiar  the 
desgn  of  recovery  systems  for  atoeaic  aitilkty  sheila  that  an 
periodicaUy  lesaed  by  aftiUent  linttgs.  It  it  deaiiable  lo  have 
a  teoovery  sysni  that  exhibits  a  htgh  degree  of  reliability  due 
10  the  costs  assnriatad  with  each  tern  shdL  A  Rani  Air 
Decderaior  (RAD)  has  been  investigated  as  a  cantHilaie 
teplacnnem  far  the  current  parachule  recovery  tysa.  Teas 
hme  included  pioof-of-ooo^  teats  on  a  track  towing  rig, 
non-spinning  airiiop  tests,  spintests  in  a  high  eltinidc  chamber 
and  artiUety  fired  projectile  tests.  Although  leatiiig  had  to  be 
letminaied  before  the  ptogram  could  be  conylcmd.  significat 
strides  were  made  in  RAO  design  for  this  hardt  envitontnem. 
Possible  desip  improvemenu  were  identified  for  future  testing 
should  the  program  be  revived. 

Introdnctiaw 

Sandia  Natianal  Laboratories  is  responsible  for  the 
design  and  testing  of  aiciaic  artillery  shells.  During  the 
devdopment  and  the  continued  stockpile  evaluation  of  a  type 
of  shell,  numerous  artillery  test  firings  ate  oonducaad.  In  tnany 
of  these  test  firings,  it  is  necessary  to  recover  the  sheO  inact 
to  evaluate  the  performance  of  its  componnns.  In  flight,  the 
diells  are  spia  stabilised  and  can  be  revolving  at  more  than 
15.000  tpra  (250  ips).  To  permit  teotwety.  they  are  fired 
fiora  guns  set  tt  high  qi'adiw  devaiion  angles  SS*  to  81* 
above  the  hniaontaL  On  such  high  trqiectotics,  the  shefl  ADa 
base  first  afler  passing  apogee. 

Piesecdy.  a  parachute  recovery  system'  it  beug  used 
to  reduce  the  velo^  of  the  shefl  before  intpacL  During 
descent,  while  the  ytell  is  suspended  on  the  patacbuie  and 
*  Soiar  Hmtiw  oT  Tacavioi  Swtt,  hneSHi  S|VMW  Drvuiun. 
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Vinning  at  a  high  rate,  aerodynainic  and  gysodynamic  fieees 
can  cause  it  io  nutate  to  a  large  enough  angle  that  the  dttfl 
turns  nearly  upside  down.  This  can  result  ia  the  shefl  tubbing 
on  the  lines  which  connect  it  to  the  paracham  and  can  caeae  a 
^uie  of  the  recovery  system.  Tlie  spin  of  the  shell  is 
dmeawd  only  by  air  fiiesion,  fiictaoo  in  the  swivel  and 
friction  between  the  shell  and  the  lines  when  dmynh.  AdwII 
recoveted  with  the  present  parachute  recovery  system  caa  still 
be  spinning  at  more  than  S.OOO  rpm  when  it  imparti  the 
ground.  Although  the  present  lecovety  system  hm  baa 
developed  to  the  point  that  it  provides  beam  than  an  t5% 
aiecta  rue.  it  is  very  desitable  to  ftether  improve  the 
recovery  system  reliability  became  of  the  cost  of  each  lest 
item. 


The  terra  Ram  Air  Dcceleratoc  (RAD)  normally  refers 
to  a  device  with  a  doaed  pressure  boundary  (with  the  exccptica 
of  the  nm  air  inlets)  that  is  inflated  by  tarn  air.  A  RAD  is 
typically  oonstructed  of  a  bottom  Obric  panel  and  a  top  fihtic 
pi^  that  ate  Aliened  together  along  their  OUST  fdges  to  iitm 
a  closed  container.  The  only  intended  openings  into  dtis 
conainer  ere  the  ram  air  vcm  holes  locased  in  the  bonom 
piaeL  Figure  1  shows  a  sketch  of  an  inflked  four^obc  RAD 
utached  in  an  artillery  shelL  RADs  offer  a  poetible  advauage 
over  a  parachule  recovery  sytrem  becaaae  CM  be  esomaM 
diiectly  oe  a  drefl.  Thi^  ifthedreUiricsionoiamioabam 
upward  poation,  the  RAD  win  nutate  with  k  and  oontirere  to 
de-spin  the  shell  through  torsional  air  dreg.  No  inbbiag  or 
contact  duiage  wiD  occur  liiice  there  is  finh  or  no  rdativa 
motion  between  the  RAD  and  the  shefl.  The  capabifiiy  to 
mourn  the  RAD  direetly  on  the  shell  cm  also  *tiirt*T**  the 
need  for  high  ^eed  swivels  whxh  ate  used  in  the  presem 
paradniB  system  to  preclude  winding  up  and  ***"t‘*^  the 
pmachae.  However,  this  means  ihe  RAD  nmsi  be  c^reble  of 
withsanding  the  centrifugal  loads  and  the  tornenai  dreg 
genermad  in  the  RAD  when  it  is  initiany  deployed.  A 
tchcinsiic  of  a  typical  flight  profile  is  showa  in  Figeie  2. 
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Bolting  RAD  designs  br  mitmumUtm  appliratinns* 
typically  hn«  characteristic  kngihs  (center  of  RAO  to  dciV 
of  lobe)  of  lem  thM  six  inchca.  The  siae  of  the  TAD  leqretad 
is  driven  by  the  peylcnd  weight,  the  dexited  impact  velocity, 
md  the  RAD’S  ooeflkient  of  dci^  The  weigbc^iheaiAsy 
drell  intended  fo  recovery  is  approxinasrly  90  lbs.  The 
maximum  impact  vdoeity  desaed  is  kas  ihaa  220  I)h>  Ibis 


nquirm  a  RAD  with  a  dianicrer  of  30  to  36  inrbea. 
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FR^t  Sinolatloa 

No  ground  Ml  fKility  ed«s  whick  an  amulaneouity 
amubK  the  cniife  amroaineni  that  v  anOlery-recovenag 
RAO  would  cjiperieuce.  However,  difliereM  upecis  of  the 
envifonmcni  cm  he  ninutwed  infividualiy. 


One  of  the  nmi  severe  tspects  of  this  enviremnea  is 
the  iii|e  spin  iiM.  For  the  ndier  iaife  characteristic 
dimenaotts  required  for  the  RAD  to  be  used  for  aitiOeiy  AeQ 
recovciy,  very  lai|e  forees  develop  in  the  RAD  due  to 
oentriftipl  loads.  Ihus  it  was  desirAle  to  test  the  RAOs  in 
this eURnecentrihigai loading cevironmenL  SpinmngaRAO 
at  these  raM  in  a  aandaid  aunoyhere  would  produce  a  veqr 
large  torqoe  on  the  RAO  due  to  serodynamic  drag.  More 
could  be  lenned  about  the  centrifugal  conyonent  of  the  load 
in  the  absence  of  these  aerodyaamic  loads.  Hms.  Sandis’s 
High  Altitude  Oandier  (HAQ  was  employed. 


the  RAD  mounting  hub  to  allow  the  RAO  u>  fly  away  tnm  the 
spin  rig  if  out-of-balance  conditions  exceeded  safe  limits.  An 
acoekroaeicr  allowed  the  aaniuring  of  vibration  tevda.  A 
scheaiaiic  of  the  spin  apparatus  as  installed  in  the  HAC  is 
Aowu  in  Figure  3.  The  tests  were  monitored  widi  two 
remotely  contreUod  video  cameras  (panAnt/aoom)  and  two  high 
yeed  (400  ppi)  movie  cameras  mounted  inside  the  HAC  and 
a  high  spe^  UOOO  pps)  video  camera  viewing  thstmgh  a 
window  from  outside  the  HAC. 


The  HAC  is  a  27-ft  Aamrser  yherical  pressure  vessel 
capriHe  of  nachiag  a  200,000-ft  ayavaleni  preseare  altitude  in 
about  30  ntinutea  and  mauMaining  it  indefinitely.  Ahigh  speed 
yui  test  appanma  was  designed,  ttricated  and  installad  in  Ac 
thereby  aBowiag  spin  mats  to  ^oonAMed^ 

miliaad  m  air  imbhm  and  RAO  attachmem  spin  hardware 
eytible  of  yinniag  up  to  30,000  ipm  (300  tpe).  Aeontrol 
system  Rgidatad  the  supply  air  m  the  lutbiM  to  nmiaetin  the 
dcsirad  yin  rate  and  cmpl^  ower-tpead  pretaetion  logic  to 
autnmeiicallyiliirnMirt  the  tushme  from  Ae  supply  air  in  the 
event  of  RAD  AOmr  A  AilsaA  coupling  wn  designad  imo 


An  aspect  of  the  RAD  that  cm  be  invritigmrd 
mdependendy  from  spin  is  the  inflation  characteristics,  hfaiy 
means  for  evaluating  this  are  availabie  mdading  wind  tuanel 
and  flight  testing.  However,  these  are  typically  tinm 
consuming  and  conly.  A  cheaper  and  more  timely  method  of 
investigming  qualitatively  Ae  inflation  chsfacteristks  was 
desiiud*  A  device  was  designed  and  OAriented  which  would  lit 
onto  the  bed  of  any  pick-up  track  and  provide  a  etenae  of 
testing  up  to  dynamic  presiures  of  IS  psf.  The  deviee 
eonsismd  of  a  fiamewotk  of  Uaistrat  thee  fit  into  Ae  two  take 
holes  of  Ae  bed  andamnet  Ant  pretraded  spptriimmily  l?ft 
above  ground  levtL  A  pivot  at  the  base  of  the  mast  ellowud 
kmbcnitadandlowcfadeatily.  Various  cables  and  epnader 
ban  were  used  to  obtain  a  more  rigid  straeoHC.  ThisrigcH 
be  saH  m  Figare  4. 


The  RAD  was  aoached  m  a  Corebody  wbicb  nne 
nd  on  dm  meaL  The  Carebody  limutemd  m  artiBery 
A  dapioymani  bog  was  initially  insialiad  over  dm  RAD 
m  farebrty.  A  44k-Aa  gute  turftce  pararhute  was 
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to  ifcc  oM  IB  view  and  laoMd  (he  RAD  doriiif  the  lOL  Ike 
eanen  tad  tOl.  ptoi.  and  Aiora  G^ibiliqr  whick  wia  oonenOed 
lonoidy  by  a  penoB  in  Ite  eta  of  flw  tnek.  Atypicalto* 
involved  aoedoatiag  Ita  track,  (dealing  ita  dcpioyineai  tag 
M  iffittf  pout  >iw  phttB  then 

nahwaining  a  denied  ipeed  briefly  while  otaenring  the  RAD. 
b  Ibis  manner,  qnalitttive  mfinmatioa  on  infbtiaa  couid  be 
gathered  and  leooided  very  qaiddy.  Figure  S  dmwi  two 
views  of  a  RAD  m  its  ia/htod  dope  while  on  the  mast  of  the 
tow  test  rig. 


Air  Png  Ton 

Ite  gta  and  tow  teats  proved  to  be  veiy  oo«  efteiive. 
Required  fcaources  were  iimited  to  personnel  aaigned  Greedy 
totheprogtanL  Schedeliwg  of  the  fccilities  was  vinually  never 
a  prablere.  Bowever,  there  less  could  not  reriiy  leraiaal 
descent  drag  arena  or  veieciiiet.  Itaefbie,  a  third  medmd  of 
lesiiag  was  crepipyad  -  air  dreps  horn  a  talitjpiH. 

The  saree  deptoymenl  big  reed  Ibr  the  tow  leaB  was 
used  far  the  aMnp  leatt.  Three  vckwles  weighmg  2S,  S9, 
and  PS  be  wgnctively  were  used.  The  yS  b  vehide  wee  a 
damaqr  aitilltoy  dWB  that  sifflttbaBd  the  tthimire  RAD  payioad. 
The  testa  were  oondectod  by  insalfiat  the  vehsek  and  the  RAD 
inio  the  dipleyment  bag  that  was  attretad  a  a  Kftiag  hook 


Flgned 


a)  Bottom  View 


Fijure  5 

InOated  Shape  of  QRAD 


b)Top  View 


d«:rod  releise  iltiiwie  and  rr.ajnuin  i  mininuJ  forward 
velocity.  Ref.ective  ape  on  the  front  of  the  'jtn  vehicle 
protruded  through  the  bottom  of  the  bag  artd  allowed  a 
j-'ord-iasec  ■i;e.'-'-“;.>^r  'o  '.cc'c  ;r;o  -j-.e  '.'pen 

cimmird  :'::m  '.'.e  -.-e  jettcr.  dep  cvr.er.t  pig 

wai  opened  allowing  the  vehicle  to  fall  trailing  ohe  SaD.  Ai 
the  vehicle  accelerated,  the  RAD  intlated  and  the  vehicle 
approached  a  tenninal  descent  velocity.  During  the  enure  time 
of  fall,  the  laser-tfacker  followed  the  vehicle  and  computed 
location  and  velocity  data.  Several  video  and  high-speed  film 
cameras  recorded  the  event.  These  tests  venfied  t-he  mfuiuon 
charactenstics  and  produced  drag  area  and  terminal  velocity 
data.  The  tesa  were  more  costly  and  harder  to  schedule  than 
the  spin  and  xw  tests,  but  were  a  necessity  before  proceeding 
in  the  test  program. 

.Artillery  Tfs-,s 

The  only  means  of  xsting  in  the  complete  environment 
were  to  fire  a  test  vehicle  as  an  artillery  shell.  Such  xsts  were 
possible  at  Sar,Cia’s  Tenopah  Test  Range  iTTR).  .Nevada.  At 
TTR  several  155  mm  and  S  inch  ar.iHery  guns  are  available  lo 
fire  a  shell  at  high  elevauon  angles.  Upon  using  a  full 
propulsive  c.harge,  uhe  shell  reaches  an  apogee  of 
appro*;mateiy  'O.XO  ft.  Radars  and  ccucal  televcpes  are 
able  X  track  uhe  shell:  however,  photog-aphic  coverage  is 
impossible  at  these  eatrtme  aJuiudes.  A  wide  range  of 
propulsive  c.harges  is  available  that  produce  apogees  as  low  as 
25,000  ft.  These  low  charges  also  produce  lower  spin  rates 
resulung  in  lower  centrifugal  loads  in  a  RAO  as  it  deploys. 
However,  even  though  the  spin  rate  is  reduced,  uhe  increased 
density  at  the  lower  alutude  results  in  larger  aerocynamically 
produced  xrpues  on  a  RAD.  Thus,  it  is  not  clear  which 
environment  ;s  the  more  severe.  This  facility  was  used  in  the 
last  stages  of  uhe  test  program  for  combined  efforj  tesnng. 


Test  Program 

Phase  1 

Tr.e  .n.ua  ;j:.g-i  ::  a  :c:  r:  a.-.;.'.erv  she.l 

recovery  system  used  a  20  inch  ciameter  urree-lobe  RAD, 
designated  TRAD.  The  shape  of  the  TRAD  was  specified  by 
Ales  T.  Zachann’.  Two  TRaDs  were  fabr-ated  using  single 
layers  of  coated  Kevlar  cloth  for  both  the  top  and  bonom 
panels.  These  TRADs  were  mounted  on  three  different  drop 
test  vehicles  that  had  weights  of  25,  55.  and  95  Ib.  The  lesu 
involved  dropping  the  vehicles  from  a  heliccprer.  In  each  of 
these  tests  the  TRADs  inflated  very  quickly  and  produced  a 
controlled  descent.  The  95  lb  vehicle,  a  mocrup  of  an  actual 
155  mm  artillery  shell,  reached  a  descent  velocity  of 
approsimatelv  200  fps  at  ground  impact  at  an  altitude  of  5300 
ft. 

Spin  tests  were  t-hen  conducted  in  a  high  alutude 
charr.oer  (desenbed  previously)  to  evaluate  i.he  ability  of  the 
TRAD  design  x  withstand  the  higi  centrifugal  loads.  A  review 
of  the  strengLh  an*'  density  properces  of  seve.'al  candidate 
maier.aJs,  see  Table  1.  s.howed  Kevlar  offe.T  Lhe  greates. 
strength  x  weight  of  any  of  the  readily  available  filament 
mater,  als. 

The  first  spin  tests  of  the  three-iobe  designs  using 
woven  Kevlar  fabric  showed  that  t-he  three-iobe  RADs  had 
special  problems  when  subjected  x  severe  centrifugal  loads. 
The  very  nature  of  a  three-lobe  oesign  ccestructed  from  a 
single  layer  of  fabnc  resulted  in  the  weave  cr.entauon  (straight 
or  bias)  of  the  fabric  differing  from  lobe  x  lobe.  Thus,  the 
lobes  did  not  strain  uniformly  as  uhe  unit  was  ceninf  igally 
loaded  by  the  spin.  This  produced  an  unbalanced  behavior  and 
ulumately  contributed  x  the  seif-destrjction  of  the  unit.  This 
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520. 
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186. 

fiis  tenet  of  ip"  tests  iiwlicaied  ttat  the  lobes  ihaild  be 
«ii|»i»irf  with  the  wup  and  fill  ditectiaas  of  the  anhogooally 
woven  ftiirir  to  take  fitU  advantage  of  the  Kevlar  filament 
strength. 

Phase  n 

Drawing  from  the  expenence  gained  ftom  the  ^in  Mats 
in  Phase  I,  a  TRAD  ms  oonstructed  with  each  lobe  cut  from 
the  Kevlar  fdxic  so  that  the  waip  yams  aligned  with  a  tadial 
liiK  dnwn  fiora  the  center  of  the  bub  to  the  tip  of  a  lobe. 
Peeogniring  that  the  coating  on  the  Kevlar  doth  used  m  the 
Phase  1  TRADs  added  considerable  weight  with  little  or  no 
increase  in  strength,  uncoated  Kevlar  cloth  was  used  in  Phase 
n.  The  three  lobes  were  sewn  together  along  ladial  liM 
projecting  ftom  the  center  outwards  midmy  between  the  tips 
ofcach  of  the  lobes.  When  spun,  them  seams  proved  to  be  a 
weak  spot  and  again  the  TRAD  was  desttoyed. 

When  the  top  and  bottom  panels  cf  a  RAD  are 
constructed  with  single  layers  of  fabric,  the  stress  in  the  fabric 
due  to  centhfiigal  loads  varies  as  a  function  of  the  square  of 
the  radial  distance  ftom  the  outer  edge  of  the  RAD.  To  reduce 
the  fabric  scesses,  the  number  of  filaments  carrying  the  load 
was  increased  by  adding  layers  of  fdiiic  to  each  panel  as  an 
inverse  function  of  the  radial  dfstnce  from  the  center  of 
rotation,  the  hub.  This  method  of  fabricatioa  approximated  one 
used  in  modem  high-speed  flywheel  designs.  A  second  TRAD 
was  fabricated  using  this  method  with  three  bbric  laycn  in  the 
hub  region,  two  layers  in  the  intermediaie  regiaii  and  one  layer 
in  the  tip  region.  Each  lobe  was  aligned  with  tbe  warp 
filaments  (yams)  of  (he  fabric.  This  construction  eliminated 
the  seed  for  the  radial  seams  of  the  earlier  Phase  □  design  and 
improved  the  overall  performance  cf  the  TRAD.  However,  the 
ultimate  spin  rate  god  of  230  rps  could  not  be  met. 


laycn  of  fiMc.  Zacfaann  had  defimd  the  shape  of  the  lop  and 
bottom  panels  of  TRAOi  by  a  scriei  of  arcs.  Tbe  same  type  of 
procedure  was  used  Ms  defiw  the  pnd  dupes  for  the  QRADs. 
Figure  6  shows  a  design  aoss-sectian  of  a  QRAD. 

Tbe  exact  shape  of  the  QRAD  puds,  such  as  the  dqnh 
of  the  valley  between  lobes,  (be  sh^  of  the  lobe,  and  (he 
height  of  the  ooes-seetian.  was  developed  by  a  trial  and  cmr 
process  where  pituotypa  with  diiliring  preportions  were 
constructed  and  evaluated.  Once,  the  dupe  and  aae  of  the  top 
penri  were  seketed,  the  dimcnsioni  of  the  bonom  pend  were 
conatraiaed  so  dut  the  length  of  the  outer  edge  of  the  baaom 
pmid  would  doaely  such  that  of  the  top  paneL  This 
eonstnint  was  neoesauy  since  the  top  and  bottom  paneb  had 
to  be  joined  by  aitchieg  eiong  ihdr  oner  edges. 

A  tnmpiiirr  code  was  foredated  to  pedbrai  the 
iterative  process  that  was  required  to  oiaich  the  length  of  the 
outer  ed^  of  the  bottom  pa^  to  ihn  of  the  top  pnncL  Input 
to  the  code  is  down  in  Table  2  and  iUnsiated  in  Figures  6-1. 
The  code  ralrdsterl  the  pmameten  needed  to  construg  the  top 
pand  and  the  pmmeten  needed  to  construct  a  bottom  pnnd 
that  met  the  e^  length  lequiremcnL 


Table  2 

(^LAD  Sixiag  Parameter  Definitions 


PsmumrName 
(sea  figuee  8.  7  8  8) 

Piwewr  OeUnrten 

K 

meaimwii  radue 

h. 

hub  raUue 

H 

haight  oaramenr 

A 

*Min  wiOih 

K't. 

lobe  Uupe  parametert 

f 

inefiMNiOA  of  iVii0ht 

It  also  calcuhird  the  outer  rafii  for  each  reialbfciag 
fabric  layer  On  was  to  be  ured.  Ibe  ouier  radii  for  the 
reiafardng  layos  are  defined  so  the  mniimiffl  sress  at  the  bub 
due  to  cemrifi^al  loads  is  not  greater  dun  the  maximum  a  any 
other  ladius  in  the  paacL  Figure  9  d»ws  the  advantages  of 
usiag  rcinfofcaig  layers  of  fabric.  When  oo  rciaforciag  layer 
is  used  in  the  paid  the  ttress  increases  monoeonicdly  u  the 
hub  is  epprrairhrd  By  inserting  rcaforcing  layers  a  the 
various  rattlbe  maximum  stress  experienced  by  the  tdiric  can 
be  controlled.  This  is  iHastrated  by  the  aoond  carm  where  two 


To  fiaiher  improve  the  filament  tending  efficiency  of 
the  ram  air  decclwatnr  design,  a  change  to  a  fbur-tebe  design 
wa  made.  This  four-lobe  RAD  design  was  designated  et  the 
(}uadtipetal  Ram  Air  Decelerator  (QRAD).  The  four-tehe 
design  offered  a  larger  projected  area  of  inflated  ftbric  to  the 
flow  than  did  the  three-lobe  de^  (about  16  percent  mcrease) 
for  die  same  lobe  (9  tadins.  This  gives  a  QRAD  more  drag  far 
the  ame  tip  radius  than  a  TRAD. 

As  d/rcrem  aae  TRADs  were  coHstrucied  in  the 
program  to  develop  a  RAD  recovery  lysrem  for  an  aitOery 
shell  thdr  paaeru  were  smpiy  obiaiiied  by  scaliag  the 
Zaeharin  pmians*.  When  the  decisteo  was  made  to  build  four- 
lobe  QRADs  a  method  had  to  be  devised  to  define  (be  peteem 
for  die  top  »d  bottom  pends  and  for  the  added  reittforcing 
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Flguie  6 

Cmei  wctleu  PrefDc  of  QRAD 


uifmuctwj^ 


SCOOP  AMO  HOil 
(4-rmcAL) 


Flgoft  7 

QRADTopPsad 


Fltin*  > 

QRADBottSBrud 


Flpm  9 

EfTects  «r  Ijiycriiig  oo  Ra«d  SlM 


up  to  ipte  rua  Urfe  as  270  ipt  (16,000  ipiii).  Fignes  7 
a^  S  aie  «>■«<**«  of  top  and  booom  paad  designs  tkas  show 
the  desip  puineicss  dw  are  ouipuL 

Several  of  these  QRADs  were  built  from  unconaed 
Kevlar  ftixic  and  tested  in  non-spiaaiag  aiidiape  fiom  a 
helicopter  as  disrasand  ptevitnisly.  None  of  these  ittRatedftinp 
and  their  drag  petfarmneetna  very  poor.  This  poor  iaditfias 
was  caasedhyiofrtMedpcnowibiliiy  resulting  from  the  choop 
to  uncoeted  fiMc  and  the  esaosive  aig-aag  siiaching  naed 

during  ItibriCttiOO.  lywrlmhifly  tlMt 

the  net  permeibiSty  of  a  tarn  air  iaflaied  deceksaaor  anal  be 
small  a  ensure  proper  inflaiiaa  and  perfbimanoe.  In  the 
eonstnictian  of  tnoeendiag  QRADs  a  Iowa  permeability  ttbric 
was  used  and  more  aaenticn  was  paid  a  mwimiiing  the  boiea 
left  by  the  siiiehag  process. 

Ptwm 


iciafiBrcing  layen  are  added  beftxe  the  hub  ia  reached.  Of 
course,  this  method  of  reinfarcing  is  valid  only  if  each 
rdnfiNcing  layer  can  be  fitamned  to  the  other  layen  so  the 
ladial  load  is  evenly  shared  between  the  btycn. 

Another  aoaroe  of  estreme  centrifugal  loads  on  the 
6bric  ia  the  pancb  was  the  tarn  air  scoops  that  were  ktcaaed 
atthetipsafthelObettntheZacharindeBgn.  Theaeserved 
as  concentraaad  maasea  and  could  not  be  loletaiBd  al  the  large 
lipndii.  The  acoopavrcre  moved  hrom  the  tips  of  the  lobes  to 
the  troughs  between  each  of  the  lobes,  locating  the  scoops 
much  doscr  to  the  hub  fieady  reduced  dm  oeairiAigal  loada  in 
the  scoop  aitariiment  regtona. 

The  QKAD  design  with  the  rant  air  scoops  ioeaaed  in 
the  troughs  proved  very  pnmuaing  in  the  yin  lesB,  surviving 


There  are  a  number  of  diflerem  aoiutiaiia  for  the 
permeability  problem.  One  can  coat  an  fsisting  material,  find 
a  less  pcnni^le  material,  laminaie  an  impermrablr  nairtial, 
or  install  an  impermeable  bladder  within  the  RAO.  Mott 
coetinp  that  wiB  reduce  the  permeability  significandy,  also 
add  significandy  to  the  wcigbi  of  the  material  -  something  that 
we  had  abendy  seen  as  detrimental  in  this  application  In 
addition,  u  the  parent  maaerial  deformed  uate  dm  rnwms 
loads,  a  coating  may  be  damaged  Iceving  the  fobtk  aaone 
permeable.  The  permeabSiy  of  woven  fob^  is  generally  too 
great  for  this  applkaiiim.  Merhinical  ahetmion  after  weaving 
(calendering)  would  liltely  lose  its  eiftetivenem  when  dm  doth 
deformed  under  sacas.  A  bladder  within  the  QRAO,  if  not 
anached  sBiscnnOy  to  the  QRAO,  would  have  so  wiihsiaod 
nearly  the  tame  amount  of  mess  u  the  QRAO  itself.  Thus,  a 
lamiaaied  fobric  was  pursued. 


The  bbtic  of  duke  «is  tlic  ame  Kevlar  cloik 
10  a  0.5  oul  layer  of  Mylar.  The  Mylar  (plus 
adheavc)  added  link  weisht  to  the  ptnei  Kevlar  dodi.  wooU 
defonn  with  the  Kevlar,  and  mdeied  the  Kevlar  cloth  nearly 
impersieable.  Also,  this  laminaiBd  bbik  when  used  to 
consBua  a  <}RAO,  edubited  greater  weave  lability  and 
improved  icsisanee  to  destruction  by  ipitt. 

The  change  a  a  laminaird  kbric,  a  5EMr-lobe  drwgn, 
and  the  oaving  of  the  ram  air  scoops  cast  uncertainty  on  the 
inflation  aipeca  of  the  new  QUAD  dcsijpL  Thua,  seveal 
QRADs  were  fiMcated  using  the  new  design  for  ample  tow 
tesa  (as  detcribed  earlier)  a  investigaa  the  iaflaiian  aspren 
Thea  asa  indicated  good  inflation  perfennance  of  the  new 
design  and  denied  the  way  far  additional  drop  lesa  from  a 
hehoop'.aaobaindiagdaa.  Two  drop  lesa  wca  oonduciad, 
one  wifa  the  previously  mentioned  55  lb  unit  and  one  with  the 
95  Q)  sifflulated  artillery  sbdL  Thea  lesa  were  quia 
successflil,  indicatmg  the  QRAD  design  wa  adequna  a 
inflate,  produced  m  acceptable  amunal  velocity,  and 
withstood  the  centiifiigal  loads  produced  by  the  spinning 
artillery  ihelL  However,  the  torque  produced  by  aerodynainic 
drag  was  not  smulated  in  any  of  thM  tests. 

Phase  IV 

As  mentioned  earlier,  ihoit  of  firing  a  shell  from  ta 
artillery  gun,  the  oomplea  environment  experienced  during 
deployment  from  a  spinning  shdl  could  not  be  readily 
di^icated  by  any  other  test  methods.  Thus,  the  next  tap  in 
the  testiiig  mvolved  firing  a  test  found  from  an  artillery  gun. 
A  test  plan  involving  three  firinp  was  planned.  The  first  two 
firings  used  reduced  propellant  charges  a  deertna  da 
cenmfijgal  ioaids  impost  upon  da  QRAD.  i^hile  reduced 
charges  ensure  s  lower  spin  rate,  da  apogee  of  da  shell  is  ala 
reduced  by  (he  lower  muzzle  veiocity.  This  means  the  recoveiy 
system  is  deployed  a  lower  altitudes  ina  higher  air  densities. 
In  fact,  the  aesodynainically  produced  aeque  on  the  QRAD  is 
higher  u  an  apogee  of  20,000  ft  AGL  thin  at  the  maximum 
apogee  of  65,000  ft  AGL.  This  aspect  compticales  the 
selection  of  spptopriaa  test  conditiont. 

The  first  firing  produced  m  apogee  of  2S,(XX)  ft  and  s 
maximum  spin  taa  of  5,000  ipm.  When  da  QRAD  was 
deployed,  it  sepeiated  from  the  shell  and  the  shefl  ftee  fail  a 
the  groimd.  The  QRAD  was  not  recovered,  but  da  shdl  was. 
Poa-iest  examinatiaa  revealed  da  QRAD  ItM  teperaied  in  da 
hub  region  between  the  two  ittachment  rings.  The  tear 
patterns  observed  indicated  a  daar  failuie  of  the  adhesive 
between  the  mounting  rings.  The  second  QRAD  was 
disassembled  and  re-bonded  using  epoxy  u  the  adhesive.  This 
unit  was  fired  with  the  ana  reduced  charge.  This  shdl  sbo 
separated  flora  da  QRAD  and  flee  fell  a  da  grooad.  Both  the 
shell  and  the  QRAD  were  retrieved.  Post-test  examiiatioo 
revealed  the  QRAD  had  separated  approximaidy  1-2  inchee 
outside  the  enarhmrm  ting.  Cteaa  peiterns  on  the  QRAD 
indicaad  that  it  had  twisted  off.  Two  possibilities  exist  far  this 
type  of  failuie.  The  torsional  loads  produced  by  da  inertia  of 
the  QRAD  during  the  exticne  torsional  acederatiaa  a  filing 
could  have  caused  a  fiulure  of  da  QRAD  befaie  it  was  even 
deployed,  or  (he  aerodynarnically  produced  torque  could  have 
caused  a  faihne  u  the  time  of  deptoymeoL 


UnfafUasaeiy .  fimdiag  coBsoaints  piactuded  aey  finiher 
devefapmeet  and  asdiig  of  this  system.  Howerar.  aoaa 
prarnriel  alutions  uaee  identified  which  could  be  ieveaigaad 
should  the  peogna  be  resaied. 


While  the  QRAD  ha  era  been  denweiusied  a  aurvira 
the  aiiillcfy  launch  envinmitaet.  significant  edveiaee  hero 
been  nade  award  that  goaL  The  absence  of  any  other  aeiiad 
far  tesriag  all  aspects  of  da  environment  umulMneoudy  led  a 
a  failure  mode  ia  the  aiiilkiy  fired  tests  tfase  had  not  previoudy 
been  cxperisiaed. 

As  menticned  eariier,  tbe  (}RAD  aeraed  a  have  been 
twisted  off  just  above  the  snachmfa  rings.  Tha, 
strengthening  the  boooo  panel  in  the  area  around  the 
sttachment  rings  may  sDeviae  the  problem.  Additional 
layerirg  eea  da  rinp  could  provide  this  iaeieaae  ie  sereegdu 
Maeials  with  lager  strengdi  a  weight  faboe  dua  Kevtar 
could  be  employed.  Spectre  wa  given  s  brief  ooesideniiaa 
in  Ibis  aidy.  The  difficulty  of  producing  a  acn-peniaable 
Spectra  cloib  coupled  with  time  oonairaiMs  did  eel  allow  far  hs 
uae.  The  U.  S.  Army  Keiick  Research,  Devciepment,  A 
Frigmofring  Cenar  is  preaendy  investigiiiiig  spida  silk  a  a 
revolutiaaay  nasaial.  It  shows  giea  promise  ia  strength  a 
weight  ratio.  These  two  materials.  Spectre  sod  spider  silk, 
should  be  considered  in  ay  future  deretepacm  program. 

The  failure  mode  observed  wa  produced  by  atBoeel 
loads.  Allowing  da  QRAD  a  rotaa  relative  a  tbe  shea  might 
eliminate  this  failure  mode.  However,  it  is  desinble  a  de-spin 
the  shell  before  ;.T.pact  An  analysis  of  the  rotational  energy 
associated  with  da  shell  suggesa  tha  a  limitad  energy 
absorbing  cluicb  could  be  devised  a  cradle  da  QRAD  a  da 
shell.  The  cluieh  would  mibigaie  da  high  tonanal  loads 
phoed  upoo  da  QRAD  at  deploynam  thereby  reduemg  the 
chinoe  to  failure.  However,  da  dutch  would  traitmis  Ae 
eerodynaiaically  developed  torque  in  the  QRAD  a  da  dafl. 
The  dutc'i  need  am  be  reusable  nor  must  it  survive  far  a  keg 
time  —  da  typied  time  of  fall  being  4-5  minutes  A  cursory 
review  of  maierids  artd  da  space  availabk  suggests  that  seeh 
a  dutch  could  be  incotpocaed. 

As  mentioned  earlier,  it  is  unclear  whether  or  not  the 
quad  survived  the  extreme  torsioial  loads  during  artiHety 
launch.  If  da  QRAD  faOed  ia  this  cnviroruncat  (prior  a 
depioymem),  it  was  due  a  the  irartia  of  tbe  QRAD  itself 
resisting  the  ipia-up.  Adding  a  more  postive  mean  of 
ooupiiag  (he  QRAD  a  the  artillciy  shell  could  riiminaa  this 
failure  mode.  Such  coupling  might  be  provided  by  spliias  or 
ndges  inside  the  shell  nose. 

IncotpoiatioB  of  the  ideu  for  increased  streegth  in  da 
hub  area,  the  atqae  mitigating  dutch,  and/or  load  coupling  in 
the  shell  one  shoeld  ofler  enough  improvement  in  ihedeeigB 
a  allow  the  desiga  objeedves  a  be  met. 
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Th«  report  «ot  preporcd  u  u  aooowK  of  work  ipooiafcd  by  la  ifcacy  at  the  Uoitod  Suut 
Gorernmeot.  Nortber  (he  Uotled  Suta  Goreranreot  nor  loy  apcocy  tbeioaf.  aor  aay  of  their 
enphiyeei.  m«ko  aay  warraaly.  expresa  or  implied,  ur  assumea  aay  legal  Uabdity  or  rtapooai- 
briity  for  (he  accuracy,  compkteoeaa,  at  uaefulocaa  of  aay  iafomatioa.  apparatua.  product,  or 
pcooeax  <«  or  rcptcacais  (hat  ita  uae  twxdd  act  iafriage  priralciy  owaod  rigbia.  Refor* 
cant  hcioia  to  aay  apoeifle  oommcroal  product,  praocaa.  or  actvico  by  trade  aaeae,  tradeaoark. 
meaufactorcr.  or  oiherwiw  does  aM  oecessanly  caoatiuu  or  ioapiy  its  aadorwmrat.  rerom 
owadaiiaa^  or  favorov  by  (he  Uaitod  Sutea  CoreraaKat  or  aay  ageacy  thereof.  The  vim 
aad  opioioas  of  aaihora  expreaaod  bereia  do  aot  Oeceisarily  lUlc  or  reflect  Ihoec  of  the 
Coiled  Stales  Goreroaical  or  soy  ageacy  ihcreof. 
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